Abstract. Aerosol and cloud properties over South China during the 10-year period 2006-2015 are analysed based on observations from passive and active satellite sensors and emission data. The results show a decrease in aerosol optical depth over the study area by about 20% on average, accompanied by an increase in liquid cloud cover and cloud liquid water path 10 (LWP) by 5% and 13%, respectively. Analysis of aerosol types and emissions suggests that the main driver for their reduction is a decrease in biomass burning aerosols. These changes occurred mainly in late autumn and early winter months and coincided with changes in cloud properties. For the latter, possible explanatory mechanisms were examined, including changes in circulation patterns and aerosol-cloud interactions. Further analysis of changes in aerosol vertical profiles demonstrates a consistency of the observed aerosol and cloud changes with the aerosol semi-direct effect, which depends on 15 their relative heights. Based on this mechanism, less absorbing aerosols in the cloud layer would lead to an overall decrease in evaporation of cloud droplets, thus increasing cloud LWP and cover.
4 (Zha, 2013; Chen et al., 2017) . Domestic burning is the major contributor, reaching over 60% of the total biomass burning emissions (He et al., 2011) . Figure 1 shows the seasonal variation of emissions from GFED and AOD from MODIS and CALIPSO over South China, based on data during 2006-2015. The seasonal variation of carbon emitted from biomass burning over the region shows that the highest emissions occur between November and April (Fig. 1a) . This seasonal pattern in biomass burning carbon 5 emissions is in good agreement with the seasonal variation of biomass burning activities described before, verifying the high contribution of domestic fuelwood burning during the same months. MODIS and CALIPSO total AOD (Fig. 1b) are in relatively good agreement in most months, with the largest differences occurring in March and April. Some disagreement between MODIS and CALIPSO should be expected, considering their differences in areas sampled, overpass times and retrieval methodologies. Based on CALIPSO, which offers additional information on aerosol types, smoke and polluted dust 10 have similar AODs, while the contribution of dust is minimal, with a small peak in spring. According to the CALIPSO classification, smoke aerosols originate in biomass burning activities, and polluted dust aerosols are a mixture of dust with biomass burning smoke (Omar et al., 2009) . Biomass burning emissions and satellite-based AOD are not directly comparable. Apart from additional aerosol sources that contribute to the total AOD and are not represented in GFED, transportation of aerosols from neighbouring regions can also cause large differences. In fact, high smoke AOD values 15 combined with low emissions (e.g. in September and October), suggest that these aerosols were transported to the study region from different areas. Figure 2 shows the changes in AOD over the South China region during the 10-year period examined, both on a pixel basis ( Fig. 2a) and as spatially averaged time series (Figs. 2b and 2c ). The pixel-based changes in AOD (Fig. 2a ), deduced from daily MODIS level 3 data, reveal an almost uniform reduction throughout the area, with stronger decreases over land. The 20 time series of the deseasonalized spatially averaged monthly values of the AOD, separately from MODIS and CALIPSO, are shown in Figs. 2b and 2c, along with their linear regression fits and corresponding changes (in percent). The reduction in total AOD during the 10-year period is apparent and statistically significant in the 95% confidence interval in both MODIS and CALIPSO data. Based on the CALIPSO aerosol types classification, this decrease can be attributed to corresponding reductions in polluted dust and smoke aerosols. Since no significant change is found for pure dust aerosols, the decrease in 25 polluted dust AOD can also be attributed to biomass burning aerosols. The reduction in AOD reported here is in agreement with changes over the same region or wider Chinese regions during recent years, reported based on different satellite sensors, e.g. MODIS and AATSR (Sogacheva et al., 2018) and MODIS and MISR (Zhao et al., 2017) .
The seasonality variability of aerosols over the study region ( Fig. 1) suggests that their changes could also exhibit seasonal variations. Hence, the time series changes were further analyzed in terms of their seasonal variability. Results for both AOD 30 and emissions are shown in Fig. 3 . For AOD, the main decrease occurs in autumn and early winter. MODIS (Fig. 3a) and CALIPSO ( Fig. 3b ) agree well in this seasonal pattern. Based on CALIPSO, this decrease is driven by biomass burning aerosols: as for the full time series (Fig. 2c) , dust aerosols show no significant change, hence the changes in polluted dust should also be attributed to reductions in biomass burning aerosols. The same analysis of the total mass of carbon particles (C) from local emissions (Fig. 3c) shows that the largest decrease in emitted particles occurs during late autumn to early 35 spring, with a minimum in November, suggesting that this decrease should be attributed to changes in residential energy sources, which peak during the same period. This explanation is also consistent with previous studies, which report a diminishing contribution of residential biomass burning, starting already in the 1990s (Qin and Xie, 2011; 2012; Streets et al., 2008) , mainly through a replacement of fuelwood by electricity (Yevich and Logan, 2003) . Furthermore, a direct comparison of changes in satellite-based AOD and surface emissions offers additional insights into the origins of these 40 changes: the seasonal variation of changes in C emissions partially agrees with the total AOD change pattern, while this agreement improves in the case of polluted dust. These results suggest that part of the aerosol load over the study area (especially smoke aerosols) is transported from neighboring regions, as was also inferred from the differences in seasonality Atmos. Chem. Phys. Discuss., https://doi.org /10.5194/acp-2018-554 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 25 June 2018 c Author(s) 2018. CC BY 4.0 License. patterns ( Fig. 1) . In such cases, AOD and local emissions do not agree well (e.g. smoke aerosols in October). Forest fires and biomass burning activities in Indochina could be such sources. In November, on the other hand, AOD probably originates mainly from local sources, leading to a coincidence in AOD and emission reductions.
Cloud characteristics and changes
The seasonality of main cloud properties over the study region, comprising total and liquid cloud cover, and optical thickness 5 and effective radius for liquid clouds, is shown in Fig. 4 . While the total cloud cover does not exhibit strong seasonal characteristics ( Fig. 4a) , varying between 0.7 and 0.8 throughout the year (based on CLARA-A2 and MODIS, respectively), liquid clouds appear to prevail from late autumn to early spring (Fig. 4b) . A similar seasonal pattern appears in liquid COT, which is not necessarily related to the variation in the extent of liquid clouds. Liquid REFF ranges between 10 μm and 14 μm throughout the year. The LWP, which proportional to the product of liquid COT and REFF, also varies seasonally, with 10 higher values in winter (not shown here). The main driving factor for the seasonality in total and liquid cloud cover is the Asian Monsoon (AM), which leads to more clouds in summer compared to winter, but more liquid clouds in winter (Pan et al., 2015) . The prevalence of low, liquid clouds in winter, which are mostly single-layer clouds, is also verified based on CALIPSO data (Cai et al., 2017) . The all-sky LWP and liquid CFC have increased over most parts of the land and significantly in most cases (Figs. 5a and 5b). In fact, Fig. 5 shows increases in all liquid cloud properties, with the largest increase found for the total liquid water content present in clouds (12%-14%). Liquid COT changes appear similar to those of LWP, with very good agreement between the two data sets (CLARA-A2 and MODIS), while liquid REFF changes are also positive but more ambiguous.
Cloud changes appear statistically significant at the 95% level over large areas of the study region, especially over land, 20 when studied on a pixel basis. Analysis of spatially averaged values, however, over the entire (5° × 10°) study region, reduces this significance to levels below 95% in most cases of Fig. 5 . Overall, MODIS and CLARA-A2 are in good agreement and consistent in terms of the changes reported, with biases of around 10% appearing for liquid CFC (Fig. 5d ) and REFF (Fig. 5f ).
The long time range available from CLARA-A2 data (34 years, starting in 1982) offers the opportunity for further evaluation 25 of the cloud properties changes reported before, especially with respect to changes during the past three decades. For this purpose, changes from all possible time ranges, at least 10 years long and starting from 1982 onward, were estimated for the study region. Results, shown in Fig. 6 , suggest that the ranges of changes reported in Fig. 5 are not typical of the entire 34-year CLARA-A2 period. Specifically, for LWP, liquid CFC and liquid COT, the largest increases occur when the time range examined ends within the last five years of the CLARA-A2 period (2011) (2012) (2013) (2014) (2015) , indicating that corresponding values 30 reached maxima during these years. Furthermore, for liquid REFF, a switch in the sign of change appears in the last years: while liquid REFF is mainly decreasing for most start and end year combinations, only positive changes appear after 2003, indicating a consistent increase during the last years. It should be noted that abrupt changes appearing in the plots of Fig. 6 should be attributed to artifacts especially in the early years of the CLARA-A2 data record. Specifically, negative changes in liquid CFC occurring for starting years between 1988 and 1994 coincide with the period when AVHRR on NOAA-11 was 35 operational, which caused a small discontinuity in the time series. Additionally, the switch from channel 3b (at 3.7 µm) to channel 3a (at 1.6 µm) on NOAA-16 AVHRR during 2001-2003 caused a discontinuity in the cloud property time series, most prominently visible for REFF.
As for aerosols, the seasonality of cloud property changes was also analyzed. Figure 7 shows that the overall increase in liquid clouds during the 10-year period examined can be attributed to changes occurring mainly in November and December. 40
In fact, the patterns of seasonal changes show that CLARA-A2 and MODIS agree very well, with an increase in LWP occurring primarily in December and secondarily in November (Fig. 7a) , and liquid CFC increases prevailing also in Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-554 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 25 June 2018 c Author(s) 2018. CC BY 4.0 License. similarity in change patterns between COT and LWP, and the ambiguity in the REFF change between CLARA-A2 and MODIS, especially in November. The liquid CFC change is statistically significant in the November case, while all other cloud property changes shown in Fig. 7 are significant in December.
Discussion 5

Possible effects of meteorological variability and large-scale phenomena
The results presented in the previous section show that during the study period, aerosols decreased over South China particularly in autumn and early winter, while liquid clouds increased mainly in late autumn and early winter. Hence, there is a concurrence of substantial aerosol and cloud changes during the same months, namely in late autumn and early winter.
There are two major mechanisms that could lead to this concurrence: large-scale meteorological variability could affect both 10 aerosols and clouds simultaneously, while local-scale ACI and/or ARI mechanisms, would lead to cloud changes due to corresponding aerosol changes. A combination of these two factors should also not be excluded.
In order to analyse meteorological variability, namely changes in atmospheric circulation patterns and their possible role in the changes reported before, we used surface pressure and 500 hPa geopotential height fields from the Copernicus Atmospheric Monitoring Service (CAMS) reanalysis data record (Flemming et al., 2015; . Similarly to the aerosol and 15 cloud properties, the analysis was based on deseasonalized linear regressions of the entire time series of monthly averages, as well as changes on a monthly basis, focusing especially on months when aerosol and cloud changes maximize (i.e.
November-December). For this analysis, however, the study area was extended by 10° in every direction, to include largescale patterns that could be affecting the South China region.
The analysis showed 500 hPa geopotential height changes at the pixel level in the order of several meters and surface 20 pressure changes up to a few hPa, none of which were statistically significant, when either the entire time series or specific months were examined. These results suggest that meteorological variability is not among the major factors contributing to the aerosol and cloud changes reported.
Changes in atmospheric circulation could also be related to larger scale phenomena affecting the wider South-East Asia region, namely the El Nino Southern Oscillation (ENSO) and Asian Monsoon (AM) cycles. Regarding possible effects of 25 ENSO over South China, the Oceanic Nino Index (ONI) was used to examine possible correlations between ENSO and the aerosol and cloud properties analysed here. ONI is the National Oceanic and Atmospheric Administration (NOAA) primary indicator for measuring ENSO; it is defined as the 3-month running Sea Surface Temperature (SST) anomaly in the Nino 3.4 region, based on a set of improved homogeneous SST analyses (Huang et al., 2017) . This analysis showed no particular correlation between ONI and cloud or aerosol properties; Correlation coefficients were around -0.2 for the entire time series 30 and slightly larger for specific months. A very similar, not significant, anti-correlation between ENSO and low cloud amount was found by Liu et al. (2016) , examining the entire China and the period 1951-2014.
The overall effects of AM on the area are most pronounced in summer. Although AM is known to affect aerosol concentrations (through wet deposition during the raining season) and cloud cover, this seasonality pattern does not coincide temporally with the seasonal aerosol and cloud changes reported here. Furthermore, it is known that AM and ENSO are 35 strongly correlated (Li et al. 2016) , hence the effects of the former on these changes are expected to be similarly insignificant with those of the latter.
Possible effects of ACIs and ARIs
Although cause and effect mechanisms cannot be proven based on observations only, possible underlying ACI and ARI mechanisms are worth investigating, since the combination of aerosol and cloud changes can also be used to exclude some of 40 them.
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